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Abstract
Sivers asymmetry, adopted to explain transverse single spin asymmetries
(SSA) observed in inclusive pion production, p↑ p → piX and p¯↑ p → piX, is
used here to compute SSA in Drell-Yan processes; in this case, by considering
the differential cross section in the lepton-pair invariant mass, rapidity and
transverse momentum, other mechanisms which may originate SSA cannot
contribute. Estimates for RHIC experiments are given.
Single spin asymmetries in high energy inclusive processes are a unique testing
ground for QCD; they cannot originate from the simple spin pQCD dynamics – dom-
inated by helicity conservation – but need some non perturbative chiral-symmetry
breaking in the large distance physics.
Among the best known transverse single spin asymmetries (SSA) let us mention:
i) the large polarization of Λ’s and other hyperons produced in pN → Λ↑X; ii) the
large asymmetry AN =
dσ↑−dσ↓
dσ↑+dσ↓
observed in p↑ p → π X and p¯↑ p → π X processes;
iii) the similar azimuthal asymmetry observed in ℓ p↑ → ℓ π X.
Several models [1] to explain the data within QCD dynamics can be found in the
literature; here we focus on a phenomenological approach based on the generalization
of the factorization theorem with the inclusion of parton intrinsic motion k⊥. The
cross section for a generic process AB → C X then reads:
dσ =
∑
a,b,c
fˆa/A(xa,k⊥a)⊗ fˆb/B(xb,k⊥b)⊗ dσˆab→c...(xa, xb,k⊥a,k⊥b)⊗ DˆC/c(z,k⊥C) ,
(1)
where the fˆ ’s (Dˆ’s) are the k⊥ dependent parton distributions (fragmentation func-
tions).
Even if Eq. (1) is not formally proven in general, it has been shown that intrinsic
k⊥’s are indeed necessary in order to be able to explain, within pQCD and the
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factorization scheme, data on (moderately) large p
T
production of pions and photons
[2].
When dealing with polarized processes the introduction of k⊥ dependences opens
up the way to many possible spin effects; these can be summarized, at leading twist,
by new polarized distribution functions and fragmentation functions,
∆Nfq/p↑ ≡ fˆq/p↑(x,k⊥)− fˆq/p↓(x,k⊥) = fˆq/p↑(x,k⊥)− fˆq/p↑(x,−k⊥) , (2)
∆Nfq↑/p ≡ fˆq↑/p(x,k⊥)− fˆq↓/p(x,k⊥) = fˆq↑/p(x,k⊥)− fˆq↑/p(x,−k⊥) , (3)
∆NDh/q↑ ≡ Dˆh/q↑(z,k⊥)− Dˆh/q↓(z,k⊥) = Dˆh/q↑(z,k⊥)− Dˆh/q↑(z,−k⊥) , (4)
∆NDh↑/q ≡ Dˆh↑/q(z,k⊥)− Dˆh↓/q(z,k⊥) = Dˆh↑/q(z,k⊥)− Dˆh↑/q(z,−k⊥) , (5)
which have a clear meaning if one pays attention to the arrows denoting the polarized
particles. All the above functions vanish when k⊥ = 0 and are na¨ıvely T -odd. The
ones in Eqs. (3) and (4) are chiral-odd, while the other two are chiral-even. The
fragmentation in Eq. (4) is the Collins function [3], while the distribution in Eq.
(2) was first introduced by Sivers [4]. Some of the above functions have been widely
used for a phenomenological description of the observed SSA [5].
Despite its successful phenomenology, the Sivers function was always a matter
of discussions and its very existence rather controversial; in fact in Ref. [3] a proof
of its vanishing was given, based on time-reversal invariance. Ways out based on
initial state interactions or non standard time-reversal properties [6] were discussed.
Very recently a series of papers [7] have resurrected Sivers asymmetry in its full
rights: a quark-diquark model calculation has given an explanation of the HERMES
azimuthal asymmetry different from the Collins effect and has shown that initial
state interactions can give rise to SSA in Drell-Yan processes. Moreover Collins
recognized that i) such a new mechanism is compatible with factorization and is
due to the Sivers asymmetry (2), ii) his original proof of the vanishing of ∆Nfq/p↑
is incorrect.
Some issues concerning factorizability and universality of these effects are still
open to debate; however, we feel now confident to use Sivers effects – and equally all
functions in Eqs. (2)-(5) – in SSA phenomenology. The natural process to test the
Sivers asymmetry is Drell-Yan where there cannot be any effect in fragmentation
processes and, by suitably integrating over some final configurations, other possi-
ble effects vanish. SSA in Drell-Yan processes are particularly important now, as
ongoing or imminent experiments at RHIC will be able to measure them.
Let us consider a Drell-Yan process, that is the production of ℓ+ℓ− pairs in the
collision of two hadrons A and B: the difference between the single transverse spin
dependent cross sections dσ↑ for A↑B → ℓ+ ℓ−X and dσ↓ for A↓B → ℓ+ ℓ−X from
the Sivers asymmetry of Eq. (2), is
dσ↑ − dσ↓ =∑
ab
∫ [
dxa d
2k⊥a dxb d
2k⊥b
]
∆Nfa/A↑(xa,k⊥a) fˆb/B(xb,k⊥b) dσˆ
ab→ℓ+ℓ−.
(6)
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We consider the differential cross section in the variables M2 = (pa+ pb)
2, y and
q
T
, that is the squared invariant mass, the rapidity and the transverse momentum
of the lepton pair. Notice that we do not look at the angular distribution of the
lepton pair production plane, which is integrated over.
We take the hadron A as moving along the positive z-axis, in the A-B c.m. frame
and measure the transverse polarization of hadron A, PA, along the y-axis.
In the kinematical regions such that: q2
T
≪ M2 ≪ M2Z and k2⊥a,b ≃ q2T , the
asymmetry becomes
AN =
∑
q e
2
q
∫
d2k⊥q d2k⊥q¯ δ2(k⊥q + k⊥q¯ − qT ) ∆Nfq/A↑(xq,k⊥q) fˆq¯/B(xq¯,k⊥q¯)
2
∑
q e
2
q
∫
d2k⊥q d2k⊥q¯ δ2(k⊥q + k⊥q¯ − qT ) fˆq/A(xq,k⊥q) fˆq¯/B(xq¯,k⊥q¯)
, (7)
where xq ≃ M√s ey and xq¯ ≃ M√s e−y, with a, b = q, q¯ and q = u, u¯, d, d¯, s, s¯.
On the other hand the SSA generated by the distribution function in Eq. (3)
would lead to a contribution of the kind [8]
∑
q
h1q(xq,k⊥q)⊗∆Nfq¯↑/B(xq¯,k⊥q¯)⊗ d∆σˆqq¯→ℓ+ℓ− , (8)
where h1q is the transversity of quark q (inside hadron A) and d∆σˆ is the dou-
ble transverse spin asymmetry dσˆ↑↑ − dσˆ↑↓. Such an elementary asymmetry has
a cos 2φ dependence [8], where φ is the angle between the transverse polarization
direction and the normal to the ℓ+ℓ− plane; when integrating over all final angular
distributions of the ℓ+ℓ− pair – as we do – the contribution of Eq. (8) vanishes.
Analogously, other mechanisms [9], based on higher twist quark-gluon correlation
functions, lead to expressions of AN vanishing upon integration over the leptonic
angles.
In order to give numerical estimates, we introduce here a simple model for the
Sivers asymmetry (2), and for the unpolarized distributions, which is similar to the
one introduced for the polarizing fragmentation function (see Eq. 5) in Ref. [10].
Let us start from the most general expression for the number density of unpolar-
ized quarks q, inside a proton with transverse polarization P and three-momentum
p. One has
fˆq/p↑(x,k⊥) = fˆq/p(x, k⊥) +
1
2
∆Nfq/p↑(x, k⊥) Pˆ · pˆ× kˆ⊥ . (9)
In our configuration one simply has Pˆ · pˆ× kˆ⊥ = (kˆ⊥)x = cosφk⊥.
We consider simple factorized and Gaussian forms (see also [11]):
fˆq/p(x, k⊥) = fq/p(x) g(k⊥) = fq/p(x)
β2
π
e−β
2 k2
⊥ ; (10)
by imposing the positivity bound |∆Nfq/p↑(x, k⊥)| ≤ 2 fˆq/p(x, k⊥), we can write
∆Nfq/p↑(x, k⊥) = 2Nq(x) fq/p(x) β
2
π
√
2 e (α2 − β2) k⊥ e−α2k2⊥ , (11)
3
with
Nq(x) = Nq xaq(1− x)bq (aq + bq)
(aq+bq)
a
aq
q b
bq
q
, |Nq| ≤ 1 . (12)
Inserting the above choice of ∆Nf(x,k⊥) and fˆ(x,k⊥) into Eq. (7) one can perform
analytical integrations; assuming β independent of x (see below) one gets
AN (M, y,qT ) = Q(qT , φqT )A(M, y)
= 2
r2
(1 + r)2
(
2 e
1− r
r
)1/2
β q
T
cosφq
T
exp
[
−1
2
1− r
1 + r
β2 q2
T
]
× 1
2
∑
q e
2
q ∆
Nfq/p↑(xq) fq¯/p(xq¯)∑
q e2q fq/p(xq) fq¯/p(xq¯)
· (13)
where φq
T
is the azimuthal angle of q
T
and r ≡ β2/α2 < 1. Q(q
T
) has a maximum
when q
T
= qM
T
=
√
(1 + r)/(1− r)/β, where its value is Q(qM
T
) ≡ QM = [ 2 r/(1 +
r) ]3/2. Notice that only the position of the maximum depends on the parameter β.
All the parameters of the model have been fixed in a complementary analysis
of unpolarized inclusive particle production and pion SSA [13]. As a result of this
study we have: β = 1.25 (GeV/c)−1 (〈 k2⊥ 〉1/2 = 0.8 GeV/c, independent of x), and
Nu = 0.5 au = 2.0 bu = 0.3 ,
Nd = −1.0 ad = 1.5 bd = 0.2 , r ≃ 0.7 . (14)
For the unpolarized partonic distributions, fq/p(x), we adopt the GRV94 set [12].
One further uncertainty concerns the sign of the asymmetry: as noticed by
Collins and checked by Brodsky [7], the Sivers asymmetry has opposite signs in
Drell-Yan and SIDIS, respectively related to s-channel and t-channel elementary
reactions. As in p−p interactions we expect that large xF regions are dominated by
t-channel quark processes, we think that the Sivers function extracted from p−p data
should be opposite to that contributing to D-Y processes. Our numerical estimates
will then be given with the same parameters as in Eq. (14), changing the signs of
Nu and Nd. Given these considerations, even a simple comparison of the sign of our
estimates with data might be significant.
In Fig. 1 we show AN at
√
s = 200 GeV as a function of y averaged over two
kinematical ranges 6 ≤ M ≤ 10 GeV and 10 ≤ M ≤ 20 GeV (on the left) and as
a function of M averaged over the ranges |y| < 2 and 0 < y < 2 (on the right).
We have fixed q
T
= qM
T
(≃ 1.9 GeV/c), and φq
T
= 0, which maximizes the q
T
-
dependent part of the asymmetry; on the other hand AN is reduced by a factor of
50% at q
T
≃ 0.6 GeV/c.
We can also consider the asymmetry averaged over q
T
up to a value of q
T
= q
T1
(integrating over φq
T
in the range [0, π/2] only, otherwise one would get zero). In
our simple model (for a full account of this study see [11]), for q
T1
≥ 1.7 GeV/c we
would get 〈AN〉 ≃ 0.4AN(qMT ) (for qT1 = 0.6 GeV/c 〈AN〉 ≃ 0.2AN(qMT ) ).
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Figure 1: Single spin asymmetry AN for the Drell-Yan process, at RHIC energies,√
s = 200 GeV, as a function of y and averaged over M (left) and as a function of M and
averaged over y (right), (see text).
Our numerical estimates show that AN can be well measurable within RHIC
expected statistical accuracy. The actual values depend on the assumed functional
form of the Sivers function and its role with valence quarks only.
Transverse single spin phenomenology, within QCD dynamics and the factor-
ization scheme, is a rich and interesting subject. It combines simple pQCD spin
dynamics with new long distance properties of quark distribution and fragmenta-
tion; the experimental measurements are relatively easy and clear, many have been
and many more will be performed in the near future, both at nucleon-nucleon and
lepton-nucleon facilities.
Very recently a large transverse SSA (contrary to naive expectations) has been
observed at
√
s = 200 GeV (at RHIC) in p↑ p → πX processes [14]; a reasonable
agreement with these preliminary data has been found in our approach.
We have presented here the explicit formalism for computing single transverse
spin asymmetries in Drell-Yan processes, within a generalized QCD factorization
theorem formulated with k⊥ dependent distribution functions. Simple Gaussian
forms have been assumed and available data from other processes have been ex-
ploited, in order to give estimates for single spin effects in D-Y production at RHIC,
which should be of interest for the incoming measurements. Again, sizable and
measurable values have been found.
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